We report results from fiber optic sensor field tests on an F-15 mounted within a full-scale test frame for the purpose offatigue testing at the Structures Test Facility, Wright Patterson Air Force Base, Ohio. Static and dynamic loading data obtained using multiple extrinsic Fabry-Perot fiber optic sensors is presented. The output fringes from two quadrature phase shifted Fabry-Perot sensors were linearized using computerized software. The results compare well with data obtained from conventional strain gauges located adjacent to the fiber optic sensors. Strain sensitivities on the order of 0.01 jim/rn were observed.
INTRODUCTION
Phase-modulated fiber optic sensors have been shown to possess high sensitivities for the measurement of strain, temperature, vibration, pressure and other parameters.1 Fabry-Perot (FP) sensors that are based on multiple beam interference eliminate the need for a reference arm and do not require sophisticated stabilization techniques as in the case of Mach-Zehnder and Michelson rf2 Techniques to create the Fabry-Perot cavity have varied from the implementation of Bragg gratings in or on the fiber to the use of the air-glass interfaces at the fiber ends as the reflectors.4 A relatively new technique described by Lee and Taylor involves fabricating semireflective splices in a continuous length of 5 The fabrication process includes sputtering Ti02 onto a cleaved fiber end and fusion splicing a second fiber onto the end coated fiber. The manufacturing techniques described above lead to the classification of such sensors as intrinsic sensors, where the optical fiber acts as the sensing element. In a recent paper,
we described an optical fiber extrinsic FP interferometer and used it as a sensor of microdisplacements and thermally-induced strain.6 The fiber interferometer was classified as extrinsic because the FP cavity was an air-gap between two fiber ends and the sensor output was immune to perturbations in the input/output fiber.
The thrust toward fiber optic sensor-based smart structures and skins requires that highly stable, ruggedized sensors be available for testing in embedded or attached applications. We first describe the construction of the extrinsic FP interferometer with reference to Figure 1 . A single mode fiber ( = 1300 nm), used as the input/output fiber and a multimode fiber, used purely as a reflector, form an air gap that acts as a low-finesse FP cavity. The far end of the multimode fiber is shattered so the reflections from the far end do not add to the detector noise. The Fresnel reflection from the glass/air interface at the front of the air gap (reference reflection) and the reflection from the air/glass interface at the far end of the air gap (sensing reflection) interfere in the input/output fiber. Although multiple reflections occur within the air gap, the effect of reflections subsequent to the ones mentioned above can be shown to be negligible. The two fibers in the silica tube are allowed to move longitudinally which results in changes in the air gap length thus changing the phase difference between the reference reflection and the sensing reflection. The phase difference can be monitored as intensity modulations at the output of a fused biconical tapered coupler.
We will evaluate the interference of the two-wave interferometer in terms of a plane-wave approximation. A coherent, approximately-plane wave detected at the output of the sensor can be represented in terms of its complex amplitude U1 (x, z, t) ,given by
where the variable Ai can be a function of the transverse coordinate x and the distance traveled, z, and the subscripts i = 1, 2 stand for the reference and the sensing reflections, respectively.
Assuming that the reference reflection coefficient A1 = A, the sensing reflection coefficient A2 can be approximated by the simplified relation '' A2=A ta (2) a + 2s tan (sin 1(NA))
where a is the fiber core radius, t is the transmission coefficient of the air-glass interface ( 0.98), s is the end separation and NA is the numerical aperture of the single-mode fiber, given by NA = (n12 -fl22)112. The terms and n2 are the refractive indices of the core and the cladding respectively. The observed intensity at the detector is a superposition of the two amplitudes and is given by
which can be rewritten as
where we have assumed that 4 i = 0 and 2 = 2s (2irA), and is the wavelength of operation in free space. The simplified loss relation (equation 2) for the misalignment of two fibers is sufficient for understanding the drop in the output intensity of the sensor as a function of the gap displacement. For a strain sensor, it is useful to plot the detected intensity versus gap-separation s, as shown in Figure 2 . We see that the fringe contrast drops as the displacement increases; this is to be expected since the relative intensity of the sensing reflection recoupled into the input/output fiber starts dropping with respect to the reference reflection.
The principle of operation of a quadrature phase-shifted interferometric sensor has been described in detail.6 Figure 3a shows a typical sinusoidal variation of the output intensity with respect to changes in the phase difference between the reference and the sensing reflections. If the phase difference varies sinusoidally with time and the peak-to-peak variation is large enough to push the sensor out of its linear range, we observe fringes at the output of the detector as shown in Figure  3b . The basic principle of operation of the detection scheme for a dynamic strain measurement system can now be described by considering two sinusoidal transfer functions out of phase by 900.
Assuming that the transfer function for the first detector (D1) leads that ofthe second (D2) we find that the output waveform for D1 leads that of D2 until time t1. At time t1, the phase 4 changes direction (because of a change in direction of the strain) and the output waveforms switch their lead-lag properties. We see that the output from D2 now leads that of until time t when the strain changes direction again. Keeping track of the lead-lag phenomenon between the two detectors gives us unambiguous information about the relative direction of the strain. If we had used only one detector, the switch in direction would not be noticeable if the strain changed direction at a peak of the transfer function curve. Since we now have two signals out of phase by 90°, if the direction change occurs at one peak (of either D1 or D2), the other transfer function curve will provide information about the direction change.
Practical methods of obtaining two signals 90° out of phase with respect to one another are shown in Figures 4 a and b . In Figure 4 a, two single-mode fibers are inserted into one hollow silica tube and the gap-separations for the two fibers are adjusted actively by moving the fibers in and out of the tube until a 90° phase shift is achieved at the output. Note that two different sources are used in order to avoid interference effects between the two signals returning to the coupler if only one source was used to launch light into the single-mode fibers. It may be possible to use a single source with two different lengths of lead fibers for the two sensors such that the difference in the lengths is greater than the coherence length of the laser. Figure 4 b is a slight variation of the earlier scheme; here, we use two different silica tubes and, once again, adjust the quadrature phase-shift actively. Since the two tubes have external diameters on the order of a few hundred micrometers, the two sensors monitor virtually the same environmental perturbations, for this particular application.
To test the validity of the quadrature phase-shifted sensors, a sensor (using the scheme shown in Figure 4 b) was attached to a cantilever titanium beam with an epoxy. The fiber sensor was attached parallel to the length of the beam and beam vibrations were monitored. A typical oscilloscope trace is shown in Figure 5 . The figure clearly shows the shift in the lead/lag properties of the two signals as the relative direction of the strain in the beam changes from increasing to decreasing. Sensitivities of 5.54 0 phase shift I microstram-cm have been obtained.
RESULTS AND DISCUSSION
The fiber sensor heads were attached with epoxy to the underside of the wing of the F-15, approximately three feet from the root. Four conventional electrical strain gauges were positioned around the fiber sensors. Two fiber sensor heads were built and assembled for use with one laser source. A single-longitudinal mode (SLM) laser diode operated at A = 1300 nm launched light into a 2 X 2 fused biconical tapered (FBT) coupler. The two arms of the coupler were concatenated to one FBT coupler each and the sensor head was attached to one of the output arms of the couplers via one hundred meters of single mode fiber cable. The reflected signals from the two sensors were detected at the photodetectors and the outputs from the detectors were connected to an oscilloscope as well as to a computerized data acquisition system that kept track of the interference pattern. The hundred meter length of fiber carried data to the simulation instrumentation room where the data acquisition systems were located.
The wing was loaded from zero to one hundred percent load in twenty percent increments. The one hundred percent load is representative of an F-15 at 6,096 meters (20,000 feet) with a gross weight of 17,615 kilograms (38,800 pounds) performing a 7.0 g maneuver. A typical output plot of the fiber sensors for a 20 to 40 % loading sequence is shown in Figure 6 . Using a computerized data acquisition system it was possible to deduce the strain on the wing. For this calculation, it was assumed that the attached sensor faithfully represented the strain experienced by the structure, i.e., a perfect strain transfer from the wing to the fiber sensor was assumed. Data gathered during cyclic loading of the aircraft is instructional because the intent of the test is to replicate an actual flight spectrum. A typical portion of the loading profile consists of several fluctuating load levels that represent different in-flight maneuvers and their associated g-forces. Using a data acquisition system strain levels corresponding to the cyclic loading were obtained. Figure 7 shows a comparison of the quadrature phase shifted fiber sensor output and the output of the electrical strain gauge closest to the fiber sensor. Corresponding plots from the three electrical strain gauges matched the fiber sensor outputs. A very repetitive signal consistency was observed and data for other loading cycles was similarly obtained. The minimum detectable phase shift was 0.0996 O which corresponds to a minimum detectable strain of 0.01 strain for a gauge length of 19.03 mm. In comparison, the resolution obtainable from the electrical strain gauges was 20 j.tstrain at any given instant due primarily to bridge supply noise.
CONCLUSION
We have presented the first results of phase-modulated fiber optic sensors externally adhered to an F-15 aircraft undergoing full-scale fatigue testing. Static and dynamic loading data obtained from the sensors show a high degree of accuracy and a strain resolution of 0.01 tm/m. The use of software for decoding the output fringe pattern and the good agreement with the electrical strain gauges proves the tremendous potential of fiber sensors in practical aerospace and fiber-sensor based "smart structure" applications.
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